Similar metabolic rate-temperature relationships after acclimation at constant and fluctuating temperatures in caterpillars of a sub-Antarctic moth." (2016) to 10°C, 5°C to 15°C, and 10°C to 20°C. Over the short term, temperature compensation was found following acclimation to5°C, but the effect size was small (3-14%). By comparison with the caterpillars of 14 other lepidopteran species, no effect of temperature compensation was present, with the relationship between metabolic rate and temperature having a Q10 of 2 among species, and no effect of latitude on temperature-corrected metabolic rate. Fluctuating temperature acclimations for the most part had little effect compared with constant temperatures of the same mean value. Nonetheless, fluctuating temperatures of 5°C to 15°C resulted in lower metabolic rates at all test temperatures compared with constant 10°C acclimation, in keeping with expectations from the literature. Absence of significant responses, or those of large effect, in metabolic rates in response to acclimation, may be a consequence of the unpredictable temperature variation over the short-term on sub-Antarctic Marion Island, to which P. marioni is endemic.
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Introduction
Because most ectotherms are unable to use metabolically produced heat to regulate their body temperatures, they have developed strategies to cope with environmental temperature variation. Among the most controversial is temperature compensation or metabolic cold adaptation (Clarke, 2003) . To compensate for persistent exposure to low temperature conditions, populations or species from low temperature environments are thought to maintain metabolic rates at low temperatures equivalent to those of their counterparts from warner environments measured at higher temperatures (that is -they show complete or partial temperature compensation - Cossins and Bowler, 1987) . Metabolic cold adaptation may also take the form of reduced sensitivity (i.e. lower slope) of the metabolic rate temperature (MR-T) curve in species or populations from low temperature environments compared to their counterparts from warmer areas (Addo-Bediako et al., 2002) . Reduced slopes mean that metabolic rates will not decline at low temperatures at much as they might have done had the slope of the MR-T been steeper. Maintenance of metabolic rate in low temperature conditions is thought to provide a fitness advantage because it enables growth and development to be completed (Sømme and Block, 1991) . For insects, evidence for metabolic cold adaptation has been found in a range of studies, though contrary findings also exist (Chown and Gaston, 1999) .
Alternatively, it has been suggested that because maintenance metabolism represents a cost to organisms, little fitness benefit exists to metabolic cold adaptation (Clarke, 1991 (Clarke, , 1993 (Clarke, , 2003 . In consequence, controversy has swirled about the theoretical basis for metabolic cold adaptation as well as the extent to which it is supported by empirical data across a range of organisms (e.g., Clarke, 1993; Chown and Gaston, 1999; Lardies et al., 2004; White et al., 2012; Gaitán-Espatia and Nespolo, 2014) . For terrestrial ectotherms, notably insects, the suggestion has been made that differences in metabolic rate or rate-temperature curves among populations from low and high temperature environments might not always represent metabolic cold adaptation, but rather responses to warm, dry conditions. In this case, metabolic rate at high temperatures is reduced to decrease water loss from the respiratory system, or to conserve resources more generally (Clarke, 1993; Chown and Gaston, 1999; Terblanche et al., 2010; Schimpf et al., 2012) .
Several factors may complicate interpretation of experiments designed to test the metabolic cold adaptation hypothesis. Among these, two are most significant. First, responses may differ seasonally because of the substantial differences to both day length and temperature cues experienced by individuals at different times during the growing season, which influence physiological rates (Gotthard 2004) . Second, many of the experiments that examine acclimation effects on rate-temperature curves use only constant temperatures in their acclimation treatments. By contrast, fluctuating temperatures are a characteristic feature of the natural environment, differing both in their extent and predictability (Angilletta et al., 2006; Deere and Chown, 2006; Folguera et al., 2009; Colinet et al., 2015; Marshall and Burgess, 2015) . Performance curves and their components may take very different forms following exposures to constant versus fluctuating temperatures (Lalouette et al., 2011; Niehaus et al., 2012; Williams et al., 2012; Paaijmans et al., 2013; Colinet et al., 2015; Kingsolver et al., 2015) . In consequence, recent overviews have argued cogently for the inclusion of fluctuating regimes in the investigation of the way in which physiological and other traits respond to temperature, especially in the context of the thermal environments experienced by the organisms (e.g., Angilletta et al., 2006; Martin and Huey, 2008; Ragland and Kingsolver, 2008; Dowd et al., 2015; Woods et al., 2015) . In the case of metabolic ratetemperature relationships, their overall form is typically associated with substantial increases increase in metabolism at high temperatures (Ruel and Ayres, 1999) . Thus, in fluctuating environments, metabolic rate will be disproportionately higher during the warm periods than it is lower during the cool periods, leading to an elevation of the overall mean (Ruel and Ayres, 1999; Dowd et al., 2015) . Ectotherms may thus respond to these relationships by altering the thermal sensitivity of metabolic rate, depending on the conditions they experience (Pásztor et al., 2000; Niehaus et al., 2011; Williams et al., 2012) . Thus, thermal variability and its context and consequences are an essential component of any assessment of metabolic rate and rate-temperature variation, such as metabolic cold adaptation vs. water conservation.
Metabolic cold adaptation therefore needs to be explored not only in a species that occupies an environment where it might be evolutionarily advantageous, such as polar environments (Sømme & Block 1991; Addo-Bediako et al. 2002) , but using an experimental design that includes both constant and fluctuating temperatures, to account for the importance of thermal variability. Sub-Antarctic Marion Island is an especially appropriate setting for such work because it has low thermal seasonality, reducing seasonal differences in characteristics, and has been extensively characterized (Chown and Froneman, 2008) . In particular, the dominant detritivore, and a keystone species in the island's terrestrial ecosystems is the larva of a flightless moth, Pringleophaga marioni, which spends the majority of its life cycle as a caterpillar (Smith and Steenkamp, 1992; Haupt et al., 2014a) , and has well-characterized thermal biology (Klok and Chown, 1997; Sinclair et al., 2004; Sinclair and Chown, 2005; Haupt et al., 2014a Haupt et al., , 2014b Haupt et al., , 2015 . Moreover, caterpillars are unlikely to be subject to substantial desiccation stress because of the perpetually moist litter and soil habitats they occupy, along with the consumption of moist detritus as a major food source (Crafford et al., 1986; Klok and Chown, 1997) . In consequence, they have continual access to water, making water conservation unlikely a factor influencing metabolic rate (see also Klok and Chown, 1998 ).
Here we therefore explore temperature compensation in the metabolic ratetemperature relationship of P. marioni after acclimation at both constant and fluctuating temperatures reflective of the thermal conditions of its habitat (Haupt et al., 2015) . We hypothesise that sub-Antarctic species should show temperature compensation and reduced sensitivity of the rate-temperature relationship as a form of metabolic cold adaptation in response to low temperature exposures (Addo-Bediako et al., 2002) . Because this species is negatively affected by prolonged exposure to even 15 °C (Haupt et al., 2014a) , we expect that acclimation under fluctuating thermal regimes that approach or exceed this temperature should reduce the slope of the temperature-metabolic rate relationship to mitigate the negative metabolic consequences of these temperatures. Conversely, at low temperatures, reduced thermal sensitivity should allow the animal to maintain performance at lower temperatures (consistent with MCA).
Materials and methods

Study site and species collection
Marion Island (46°54'S, 37°45'E) is a small (ca. 290 km 2 , 1280 m maximum elevation), volcanic island which forms part of the Prince Edward Island group. The island's environment is characterized by persistently low temperatures (mean annual ambient temperature of 6.5°C), high precipitation (1900 mm total precipitation per year) (Chown & Froneman, 2008) , and two major biomes: tundra in the low to mid elevations and polar desert at the highest elevations. Pringleophaga marioni (Lepidoptera: Tineidae) is found in most habitats across the full elevational extent of the island (Crafford et al., 1986) . Although broadly distributed, the species' preferred habitats include lowland mire vegetation and wandering albatross nests, for which microclimate variation has been characterised (Haupt et al., 2015) . In these habitats the species has a life cycle length of approximately one year, the majority of which is taken up by the larval stage, whereas the brachypterous adults are shortlived (Haupt et al. 2014a ).
Caterpillars were collected from abandoned wandering albatross nests in the vicinity of the research station in early May 2011 and returned to the laboratory within six hours of collection. Individuals were placed separately (see French and Smith, 1983 for records of intraspecific predation) in Petri dishes with albatross nest material, which served as both refuge and food (Haupt et al., 2014a) , and were transferred under refrigeration at ca. 5°C
(12L: 12 D light cycle) to the laboratory in Stellenbosch within six days.
In the laboratory, caterpillars were housed in controlled temperature chambers at 5°C
(MIR 154, Sanyo, Osaka, Japan, accurate to ± 0.5°C, verified using Thermchron DS1921 i- , 2015) . The acclimation treatments were maintained for seven days (see Sinclair and Chown, 2003 for rationale). The overall design follows previous investigations of phenotypic plasticity in metabolic rate variation of insects (e.g., Schimpf et al., 2009; Terblanche et al., 2010) .
Experimental procedure
The rate of CO2 production (VCO2) as an indicator of metabolic rate (MR) was measured using flow-through respirometry. Trials were undertaken on individual caterpillars at 0°C, 5°C, 10°C and 15°C, randomised among acclimation treatments and test temperatures, except for the 15°C test temperature, which was always examined last to avoid any negative interaction between high test and high acclimation temperatures. Concentrations of CO2 were measured in excurrent air from the cuvette with a LiCor 7000 CO2/H2O analyser (LiCor, Lincoln, NE, USA). All electronic units in the respirometry system were connected to a desktop computer and controlled by DATACAN V software (SSI). For each trial, a baseline measurement was taken before the caterpillar was placed into the cuvette, as well as at the end after the caterpillar had been removed. Trial runs lasted for 60 min, during which CO2 concentration was recorded every second.
Data extraction and analysis
The data for each individual were imported into Expedata (SSI), baseline-corrected, and VCO2 calculated from flow rates and instantaneous concentration measurements (Lighton 2008) across a 5-10 min period where VCO2 production was low and stable at each temperature. Measurements of VCO2 were converted to microwatts (µW) assuming a joule equivalence of 24.65 kJ L -1 .
Metabolic rate (MR) and body mass were log10-transformed prior to analyses. To assess the temperature compensation hypothesis, the effects of constant acclimation temperatures (5°C, 10°C and 15°C) on MR were first compared using an Analysis of
Covariance (ANCOVA) which tested for differences in slopes and intercepts. This model required that the 15°C test temperature be removed to keep the comparison among the linear parts of rate-temperature relationships are investigated (Irlich et al., 2009 ). This approach was used in all subsequent ANCOVA analyses. To obtain the minimum adequate model, model simplification by stepwise deletion of non-significant interaction terms was used (Crawley, 2007) . Using this approach, the final ANCOVA model for MR included acclimation as a categorical variable, test temperature as a continuous variable, and mass as a covariate.
The effects of acclimation and test temperature on MR were further examined using orthogonal polynomial contrast analysis (Huey et al., 1999) . Here, the linear and quadratic effects of acclimation and test temperature were examined to determine whether temperature compensation or an alternative acclimation hypothesis was supported (see Huey et al., 1999; Deere and Chown, 2006 for rationale) . In these analyses, the 15°C test temperature was retained, and test temperature and acclimation were included as ordered factors in the model, with mass as a covariate.
Analyses of covariance were used to compare the effects of acclimation on MR at each fluctuating acclimation temperature with its comparable arithmetic mean constant temperature (i.e. 5°C vs. 0-10°C, 10°C vs. 5-15°C, 15°C and 10-20°C 
Comparisons with other larval Lepidoptera
To compare metabolic rate of P. marioni with other species, metabolic rate, mass and temperature data were extracted from 15 other investigations of metabolic rates in caterpillars. These studies were identified based on searches in ISI Web of Science and Google Scholar using the Boolean combinations of the search terms "metabolic rate*", "respirat*", "respiration rate*", "caterpillar*", "larva*" and "Lepidoptera*". All data (Supplementary Table S2 ) were converted from the original units to μW, assuming an RQ of 0.84 unless it was provided by the original study. Closed versus open system studies (AddoBediako et al., 2002) were not distinguished, and the lowest metabolic rates were used, bearing in mind that some effect of specific dynamic action (Chown and Nicolson, 2004 ) is likely unavoidable in caterpillars. The data were mass corrected assuming a mass scaling coefficient of 0.76, calculated from the data using a linear model in R (see also Gillooly et al., 2006) . The logged, mass-corrected metabolic rate data were then plotted against 1/kT, where k is the Boltzmann constant and T the temperature in Kelvin, including data from P. marioni recorded at 10°C after 5°C acclimation. assuming a Q10 of 2.4. The relationship between log metabolic rate and experimental temperature, or log metabolic rate and latitude of the collection site for each species (obtained from the original studies or by extraction from Google Earth based on locality name), in each case including log body mass as a covariate, was examined using a linear model in R.
Results
Metabolic rate-temperature relationships were curvilinear in all cases, with similar forms ( Fig. 1 ; Table 1 ). Constant acclimation temperatures of 5°C, 10°C and 15°C had no effect on VCO2 in the initial ANCOVA analyses, whereas both test temperature and mass had a significant effect (Table 2 ). In addition, no interaction terms were significant, indicating no variation in slopes for VCO2. By contrast, the orthogonal polynomial contrast analysis revealed significant negative linear and quadratic effects of acclimation on VCO2 (Table 3) .
Following the 5°C acclimation, VCO2 was typically higher across the test temperatures than following acclimation to 15°C, and between the 10°C and 15°C test temperatures VCO2 did not increase in individuals acclimated to 10°C and 15°C (Fig. 1 ).
Relative to constant temperatures, fluctuating acclimation temperatures had no significant effects (Table 4) , except in the 10°C vs. 5-15°C comparison, where VCO2 was on average 30% lower following the fluctuating temperature acclimation (Fig. 1) , while in none of the cases were significant interactions found between test and acclimation temperatures, indicating equivalent metabolic rate temperature slopes.
A significant relationship was found between 1/kT and ln mass-corrected metabolic rate, though with considerable variation about it (Fig. 2) . Ea was estimated as 0.56, and from that value Q10 estimated as 2.09. Little change to the relationship was found if P. marioni was excluded from the assessment (see the legend to Fig. 2) . Using the temperature corrected data revealed a strong relationship between log metabolic rate and log body mass, but no significant effect of temperature or of latitude (Table 5 ).
Discussion
In the caterpillars of this sub-Antarctic moth, response to a short-term (7 day) acclimation treatment involving temperatures likely to be encountered in its microhabitats (Haupt et al., 2015) , metabolic rate (measured as VCO2) tended to be higher following acclimation to low temperature than to higher temperatures. Although statistically significant, the effect size was typically modest (3-14% on average). By contrast, no response in the slopes of the metabolic rate-temperature relationships was found. In consequence, these results provide evidence for short-term temperature compensation, or metabolic cold adaptation in its broadest sense (i.e. not implying genotypic adaptation) (Precht et al., 1973; Sømme and Block, 1991; Clarke, 1993) , though not involving any change in rate sensitivity to temperature. Little variation in the slope of the rate-temperature relationship following acclimation is in keeping with general findings for terrestrial ectotherms (Seebacher et al., 2015 , although the outcome may be variable from group to group, e.g. Mackay, 1982; Terblanche et al., 2009 ) . By contrast, a small increase in rates generally has been found in a range of other species following low temperature acclimation (see discussions in Sømme and Block, 1991; Chown and Gaston, 1999 ).
An alternative explanation for the short-term acclimation findings is that metabolic rates are reduced at higher temperatures to conserve water (Chown and Gaston, 1999; Terblanche et al., 2010) . Such an explanation seems unlikely given the moist habitats inhabited by the caterpillars (Crafford et al., 1986; Haupt et al., 2015) , their almost continual feeding on moist detritus, and their water balance characteristics which are similar to those of mesic species Klok, 1997, 1998) . A formal test of this idea would require water loss to be separated into its cuticular and respiratory components (Terblanche et al., 2010) .
The caterpillars show continuous gas exchange (Sinclair et al., 2004) , precluding the use of the closed phase of discontinuous gas exchange to distinguish the respiratory from the cuticular contributions to water loss (see Quinlan and Hadley, 1993) . During the course of the experimental trials we measured H2O concentration to calculate VH2O with a view to using the intercept method to estimate the relative contributions of cuticular and respiratory water loss to total water loss (Gibbs and Johnson, 2004) . Unfortunately, the method proved unreliable under our experimental conditions, with negative cuticular water loss rates being returned in more than half of the estimates (Supplementary Material Table S3 ). In consequence, we were not able to test this idea formally, though we consider it an unlikely explanation for the patterns found.
In the comparison of the metabolic rates of P. marioni caterpillars with those of other lepidopterans, the assumption here has been made that latitude is a reasonably proxy, at global scales, for environmental temperature variation (e.g., Irlich et al., 2009; White et al., 2012) . From either the perspective of latitudinal or experimental temperature-related variation in temperature-corrected metabolic rates, no evidence was found here for temperature compensation. Indeed, the relationship between log metabolic rate (without temperature correction) and 1/kT provides an estimate of activation energy of of 0.68 eV and an estimate of Q10 of 2 across all of the species. The former is well within the typical range of 0.6 to 0.7 eV (Gillooly et al., 2001 (Gillooly et al., , 2006 , although interpretation of this value has proven controversial among the insects (Irlich et al., 2009 ). The latter is also fairly standard for whole-animal metabolic rates, though perhaps towards the low end (Cossins and Bowler, 1987; Sømme and Block, 1991; White et al., 2012) . Both approaches indicate, therefore, that at least among the species investigated here, temperature compensation is not present. In other words, the metabolic rate value measured for P. marioni is what would be expected from the general relationship between metabolic rate and temperature. Thus, metabolic rates tend to be lower in species from colder environments, in keeping with a thermodynamic effect (Frazier et al., 2006; Angilletta et al., 2010) . While this finding appears to contradict previous assessments of the likelihood of temperature compensation in high latitude species We also failed to find strong evidence of an influence of constant vs. fluctuating temperatures on the form of the metabolic rate-temperature relationships and the absolute values of metabolic rate, as might have been expected (Ruel and Ayers, 1999; Pásztor et al., 2000; Williams et al., 2012; Colinet et al., 2015; Kingsolver et al., 2015) . Only in the case of the 10°C vs 5-15°C was VCO2 reduced, by about 30% on average, in the fluctuating conditions relative to the more constant ones. Such a reduction is in keeping with predictions that reductions in rate might be a means to deal with metabolic costs of high temperatures (e.g. Ruel and Ayers., 1999; Williams et al., 2012) . Nonetheless, the overall lack of an influence of fluctuating temperatures on metabolic rates is similar to that found for growth rate in this species over the entire duration of the larval stage, where growth rates at 10°C and in a fluctuating temperature regime of 5-15°C are equivalent (Haupt et al. 2014a) . In part, these responses, as well as the very limited acclimation effects generally, may be a consequence of the nature of environmental variation at the Prince Edward Islands, to which the caterpillars are endemic (Crafford et al., 1986) . In particular, not only is thermal variability small in overall magnitude at all timescales (Haupt et al., 2015) , but it is also unpredictable over the short-term (Deere and Chown, 2006) . Indeed, significant, positive temporal autocorrelation of temperatures rarely extends beyond 24 h, and temperatures are almost entirely unpredictable over periods of a week, unlike the situation in other regions (see Chown and Terblanche, 2007) . Under such conditions, phenotypic plasticity, of which acclimation responses are one form, is not to be expected because of the mismatch between the animal response and the changing environment (e.g. Tufto, 2000) . Such a lack of plasticity has been detected for several other species on Marion Island (e.g. Deere and Chown, 2006 ).
In conclusion, this study has shown that acclimation at constant and fluctuating temperatures has small or insignificant effects on metabolic rate or metabolic-rate temperature relationships in the caterpillars of P. marioni. Such reduced phenotypic plasticity is expected where environmental variation is unpredictable. Nonetheless, some indication of temperature compensation over the short-term was found, though by comparison with species from other, typically warmer, environments, evidence for compensation was absent. The current work supersedes data from a previous study (Crafford and Chown, 1993 ) which provided much higher estimates for metabolic rate in the species.
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